We have characterized both acute and long-term vascular and metabolic effects of unilateral common carotid artery occlusion in mice by in vivo magnetic resonance imaging and positron emission tomography. This common carotid artery occlusion model induces chronic cerebral hypoperfusion and is therefore relevant to both preclinical stroke studies, where it serves as a control condition for a commonly used mouse model of ischemic stroke, and neurodegeneration, as chronic hypoperfusion is causative to cognitive decline. By using perfusion magnetic resonance imaging, we demonstrate that under isoflurane anesthesia, cerebral perfusion levels recover gradually over one month. This recovery is paralleled by an increase in lumen diameter and altered tortuosity of the contralateral internal carotid artery at one year postligation as derived from magnetic resonance angiography data. Under urethane/a-chloralose anesthesia, no acute perfusion differences are observed, but the vascular response capacity to hypercapnia is found to be compromised. These hemispheric perfusion alterations are confirmed by water [ 15 O]-H 2 O positron emission tomography. Glucose metabolism ([ 18 F]-FDG positron emission tomography) or white matter organization (diffusion-weighted magnetic resonance imaging) did not show any significant alterations. In conclusion, permanent unilateral common carotid artery occlusion results in acute and long-term vascular remodeling, which may have immediate consequences for animal models of stroke but also vascular dementia.
Introduction
Chronic cerebral hypoperfusion, also termed oligemia, defines the reduced cerebral blood flow (CBF) in the brain that results from a wide range of disorders which directly or indirectly affect the arterial cerebral input. Constriction or complete blockage of the blood flow in one of the main feeding arteries, as seen in carotid stenosis and stroke, can be regarded as the most common cause. 1, 2 Reduction in cardiac output resulting from coronary artery disease and/or ventricular tachycardia has also been found to markedly affect cerebral perfusion. 3 Even in normal aging, cerebral perfusion is known to be reduced by 15 to 20% between the age of 20 and 65. 4 Although this decrease does not necessarily imply the occurrence of major functional deficits, chronic cerebral hypoperfusion has been suggested to contribute to the onset or modification of the evolution of neurodegenerative diseases such as Alzheimer's Disease (AD). 5 Altogether, it is widely recognized that chronic hypoperfusion is involved in a wide range of neuropathologies and particularly in those relevant in aging and stroke.
Mouse models of oligemia have been developed using global permanent bilateral carotid artery stenosis 6 or either bilateral stepwise or permanent unilateral occlusion of the common carotid artery (CCA). 7, 8 Importantly, the latter is, besides neurodegeneration, also relevant to the transient middle cerebral artery occlusion (MCAO) model, a common ischemic stroke model in rodents, where permanent unilateral ligation is performed as part of the surgical procedure. In this context, it serves as the sham operated, experimental control group in many stroke-related preclinical studies. 9 Many of those studies have investigated the potential of stimulating angiogenesis following ischemic stroke to counteract the adverse events elicited by the compromised blood flow. 10, 11 Recent advances in high-field magnetic resonance imaging (MRI) offer the possibility of longitudinal monitoring of CBF in addition to its classical application of anatomical characterization of focal ischemic lesions. 12 Although studies are using perfusion MRI to compare CBF between experimental groups in a longitudinal way, 13 in-depth knowledge about the acute and long-term effect of a permanent unilateral CCA ligation on cerebral perfusion is still lacking. Such work would also pave the way for further investigation of the molecular mechanisms related to oxygen sensors 14 or neurodegeneration 15, 16 using transgenic and knockout animals.
In this study, we report on arterial spin labeling (ASL) MRI to monitor longitudinal CBF changes and hemispheric variations observed in mice after permanent unilateral CCA ligation. The hemispheric perfusion differences were also investigated using [ 15 O]-H 2 O positron emission tomography (PET). Although basal perfusion differences can be an effective disease marker, the change in CBF values in response to stimuli such as hypercapnia, also known as cerebral vascular response (CVR), may be an even more sensitive indicator. Since it was recently shown that under ventilation the CVR can also be determined under continuous monitoring of expired CO 2 levels, 17 we implemented this approach in our study. These readouts of cerebral perfusion were linked to the lumen diameter and tortuosity of the internal carotid arteries derived from MR angiography data. Furthermore, metabolic effects from chronic unilateral CCA occlusion were assessed using [ 18 F]-fluoro-deoxy-dglucose (FDG) PET. Finally, the presence of ischemic lesions or long-term white matter degradation resulting from permanent unilateral CCA ligation was investigated using diffusion-weighted MRI. We conclude that the acute decrease in CBF seen after permanent unilateral CCA occlusion shows spontaneous long-term recovery and that this process is paralleled by variations in the diameter of the ipsi-and contralateral internal carotid artery but without metabolic or white matter alterations.
Materials and methods

Preliminary experiments
To determine which methodology would allow an assessment of the vascular response in mice using ASL MRI, we first performed a set of experiments in C57J/BL6 mice (AE9 weeks old, male) under different conditions: (a) free breathing inhalation of 5% CO 2 / 95% O 2 under isoflurane versus 100% O 2 (n ¼ 6), (b) ventilated inhalation of 5% CO 2 /95% O 2 under isoflurane versus 100% O 2 (n ¼ 8) and compared those results to our previous work using hypoventilation under urethane/alpha-chloralose. 17 Other experimental details are as described below.
Main experiments
Animals. In this study, male C57J/BL6 mice (two months of age; 25-30 g body weight; Harlan, Germany) were used (numbers are mentioned for the different experiments). Prior to surgery, the animals were housed in groups of five in a temperature and humidity-controlled environment on a 12/12-h light/ dark cycle with free access to standard rodent food and water. In total, 72 animals were used in this study. Animals were randomly assigned to groups, but operators were not blinded to the study. All experiments described in this study were performed according to institutional guidelines and compliant with national and international laws and policies governing the use of animals in biomedical research. The Animal Research Committee of the catholic university of Leuven, Belgium approved the study protocol (protocol number 102/2011). During the study, all efforts were made to minimize animal distress and the number of animals used. The animal experiments were reported on according the ARRIVE guidelines.
Surgery: Permanent unilateral CCA ligation. Anesthesia was induced through inhalation of pure oxygen enriched with 2% isoflurane. Rectal temperature was monitored during surgery and until recovery from anesthesia and maintained at 37 C using a heating blanket. Chronic hypoperfusion was induced by a permanent unilateral ligation of the CCA. Briefly, after a ventral midline incision in the neck region, the left CCA was carefully separated from the adjacent vagus nerve and permanently ligated with a 6-0 silk suture. All animals survived surgery.
Experimental design
For imaging studies, free breathing or ventilated animals were placed on an animal bed (Bruker Biospin, Ettlingen, Germany) and physiologically monitored for heart rate, body temperature and respiratory rate. Rectal temperature was kept in the range of 37 AE 1 C using a controlled warm water circuit (MRI) or electrical heating pad (PET). Detailed physiological parameters are listed in supplementary Table 1 .
Free breathing. Mice were anesthetized using isoflurane anesthesia under free breathing conditions (1.8% isoflurane for induction; 1.4 AE 0.2% for maintenanceboth in pure oxygen).
Sub-groups of animals were scanned at different time points post ligation (1, 7, 14, 30 days and 1 year; n ¼ 34, 9, 9, 8 and 11 , respectively, non-ligated: n ¼ 9). MR angiography was recorded at 1, 14, 30 days and 1 year: n ¼ 13, 6, 6, 10, respectively. Non-operated mice were also included (n ¼ 7 with 3 months old n ¼ 4 and 1 year old n ¼ 3; pooled since no significant differences and minimal variation in all parameters was observed). Ventilated. Procedures were described previously 17 with some modifications as listed below. Anesthesia was induced through intraperitoneal (i.p.) injection of urethane (1.2 g/kg) and a-chloralose (50 mg/kg). Mice were placed in a supine position on a heating pad, and rectal temperature was kept at 37 C AE 1 C. Atropine (0.05 mg/kg) and pancuronium (0.16 mg/kg) were administered i.p. to reduce saliva production, facilitate the intubation and induce muscle relaxation. Endotracheal intubation was performed under direct vision with a 24 G tube over a guide-wire (Insyte-W, Becton Dickinson, New Jersey, USA). Ventilation occurred under a gas mixture of oxygen in air (ratio: 1:2; resulting in a mixture containing mainly 47% O 2 , 52% N 2 , 0.5% Ar, 0.02% CO 2 ) with continuous monitoring of expired CO 2 (Vaisala CarboCap Õ Carbon dioxide transmitters series, GMM221, Bonn, Germany). Considering the tubing length and dead space surrounding the detector, the measured CO 2 concentration shows an equilibrium concentration that is obtained in a calibrated volume surrounding the detector and not an end tidal pCO 2 .
For ventilated animals, the experimental protocol consisted of a stabilization period under normoventilation followed by a hypercapnic challenge through hypoventilation and a return to baseline settings.
Ventilation was started at a tidal volume (TV) of 3 Â body weight (g) þ 155 ml and a respiratory rate of 135 strokes per minute (spm) with minor individual adjustments according to the expired CO 2 levels. During hypoventilation the tidal volume (TV) was reduced by 25% and the respiratory rate was set at 70 strokes per minute (spm) for about 20 min. One perfusion map was obtained for each condition, i.e. during normocapnia or hypercapnia allowing 5 min to reach stable expired CO 2 values after onset of hypoventilation. Separate groups of animals were scanned at different time points post ligation (1, 14 and 30 days; n ¼ 5 each, plus five non-operated mice) and sacrificed at the end of each scan session as required by the animal ethics guidelines of our institute.
MRI scans
MR images were acquired using a 9.4 T Biospec small animal MR system (Bruker Biospin) equipped with a 117 mm inner diameter actively shielded gradient set of 600 mT m À1 using a 7 cm linearly polarized resonator for transmission and an actively decoupled dedicated mouse brain surface receiver coil (Rapid Biomedical, Rimpar, Germany). To confirm the ligation at all evaluated time points, MR angiography was used (repetition time (TR) 20 ms, echo time (TE) 2.4 ms, flip angle (FA) 20 deg, bandwidth 98 kHz, field of view (FOV) 2.56 Â 2.56 Â 1.60 cm, matrix 256 Â 256 Â 160 zerofilled to 512 Â 512 Â 320 resulting in an isotropic resolution of 50 mm). Perfusion maps were recorded from a single 1 mm thick axial midbrain slice covering the thalamus, cortex and hippocampus using a flow-sensitive alternating inversion recovery (FAIR) approach 18, 19 and a rapid acquisition with relaxation enhancement (RARE) readout using the following specific parameters: TR 18 s, TE 5.2 ms, RARE factor 72, FOV 2.5 Â 2.5 cm, matrix 128 Â 128 with partial Fourier acceleration to 128 Â 72, 10 inversion times from 300 to 3000 ms and using an inversion hyperbolic secant pulse of 14 ms with a slab thickness of 1.6 mm. At 1, 7 and 30 days post ligation, apparent diffusion coefficient (ADC) values from the same slice were determined using five b-values (0, 250, 500, 1000 and 1400 s/ mm 2 ), a gradient echo readout and following parameters: TR 3000 ms, TE 25.3 ms, diffusion gradient duration 6 ms, separation 11 ms, two A0 images, direction (x,y,z) ¼ (1,1,1) and FOV 2.5 Â 2.5 cm. The ratio of the ADC to the same hemisphere in control animals is reported. At one year post ligation, fractional anisotropy (FA) and mean diffusivity (MD) were determined using a two-dimensional single shot echo planar spin echo acquisition with the following specific parameters: 13 slices of 0.6 mm thick with 0.12 mm gap, TR/TE ¼ 7000/52 ms, acquisition matrix 128 Â 128 zero filled to 98 Â 98 mm, effective bandwidth of 500 kHz, fat suppression and diffusion parameters: d/Á ¼ 6/14 ms, 15 non-co-linear directions, 11 b-values (10, 20, 35, 50, 75 , 100, 250, 500, 500, 750, 1000, 1250), and 3 b0 images.
MR images were processed using the Paravison 5.1 software (Bruker Biospin). Absolute CBF values were calculated using the T 1 difference method and assuming an arterial T 1 of 2.4 s. 20 To exclude the effect of variations in isoflurane levels (well-known vasodilator), ipsi-vs. contralateral ratios were calculated. CVR values were calculated by subtraction of the regional CBF values during normoventilation from those during hypoventilation and normalization to the increase in expired CO 2 levels (as on average observed during each perfusion scan). Since the expired CO 2 levels are measured almost 2 m away from the mouse (sensor connected to outflow of the ventilator) we report the CVR in arbitrary units (a.u.). MR angiograms were analyzed using the following procedures. After bias field correction, 21 essential to correct for the sensitivity profile of the surface coil, blood vessels were automatically segmented in Mevislab (Mevis Medical Solutions, Bremen, Germany) using a combination of an intensity threshold and a gradient magnitude threshold; subsequently, a vessel skeleton was obtained using homotopic thinning. For analysis of the internal carotid artery (ICA), two seed points were placed: the first at the point where the carotid artery splits into the external and internal carotid arteries, and the second at the origin of the anterior cerebral artery, e.g. where both ICAs join. Then, using a shortest path algorithm, vessels were tracked between the two seed points, after which the mean erosion distance (or vessel diameter), vessel length and vessel tortuosity were calculated for the tracked blood vessel. Total vessel length was calculated by taking the sum of distances between subsequent points on the vessel path. Tortuosity was calculated using the distance metric, 22 which is the ratio of the total vessel length to the linear distance between the two seed points (i.e. start and end point of the analysed vessel segment).
The dataset for the free breathing MRI perfusion scans consisted of: 18 mice scanned only on day 1, 6 animals scanned on days 1 and 7, 3 mice scanned on days 1, 7 and 30, 4 mice scanned on days 1 and 14, 2 mice scanned on days 1 and 30, 3 mice scanned on days 1, 14 and 30, 11 mice scanned at 1 year. In addition, seven control animals were scanned. Considering this mixed dataset all time points were evaluated as separate groups. The diffusion imaging was performed in the same free breathing (isoflurane) scan session as the perfusion imaging but in only a subset of animals; similar for the MR angiography (see supplementary Table 2 for details). In animals reserved for PET analysis, ligation was confirmed by acquiring perfusion maps (at 3 to 6 h post surgery). The MR perfusion information for animals of the PET study was, however, not included in the MRI data analysis. Ligation was successful in all animals (i.e. asymmetric perfusion ipsi-vs. contralateral).
PET scans. Functional images of regional blood flow and glucose metabolism were obtained using the radioligand [ 
Immunostaining blood vessels
At one month after permanent unilateral CCA ligation, five mice were sacrificed with an i.p. injection of pentobarbital followed by a transcardial perfusion with 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS). The brain was removed, preserved in 4% PFA in PBS, then put through a dehydrating series of graded concentrations of alcohol, and finally embedded in paraffin. Paraffin sections (5-8 mm) were made and mounted on Superfrost þ glass slides (Menzel, Braunschweig, Germany). Sections were deparaffinized with xylol, followed by decreasing concentrations of alcohol, and then washed in PBS. Prior to immunohistochemical staining, antigen retrieval was performed (sections were microwaved in a 10 mM citrate buffer at pH 6.0), and endogenous peroxidase activity was quenched with 0.5% H 2 O 2 . Non-specific binding sites were blocked with 3% normal goat serum. Subsequently, sections were incubated with a rabbit anti-a-SMA polyclonal antibody (Abcam Inc., Cambridge, UK) at a dilution of 1/100 in PBS for 1 h. Next, sections were incubated with a peroxidise-labeled polymer conjugated to a goat anti-rabbit secondary antibody for 30 min (Envision System Õ , DakoCytomation, Glostrup, Denmark). Immunoreactivity was visualized with 3,3 0 -diaminobenzidine. Sections were counterstained with Mayer's hematoxylin, coverslipped and examined using a Mirax Desk digital microscope (Zeiss, Oberkochen, Germany).
Statistical analysis
Data were confirmed to be normally distributed by a Shapiro Wilkinson W test (Statistica 7.0, StatSoft, Tulsa, USA).
Ipsi-to contralateral ratios of CBF, ICA diameter or tortuosity were analyzed using a one-way ANOVA (Prism 5.04, GraphPad Soft., La Jolla, CA, USA) with Bonferroni correction for multiple comparison. When both hemispheric values at each time point and changes of hemispheric levels versus time (or controls) were analyzed, paired t-tests (L vs. R) or unpaired test (vs. time or controls) were performed with Bonferroni's correction for the number of t-tests applied (for more details see supplementary Table 2 ). Significance levels a correspond to: * ¼ 0.05, ** ¼ 0.01, *** ¼ 0.001, **** ¼ 0.0001, ns ¼ not significant.
Figures show average values with standard deviation (SD).
Results
Perfusion maps were recorded under free breathing conditions (isoflurane anesthesia) at different time points post-surgery (1, 7, 14, 30 days and 1 year) and compared to non-operated controls (Figure 1(a) and (b) and supplementary Figure 1 ). From these data, a significant trend towards normalization of absolute CBF values over time could be extracted. Average CBF ratios between ipsi-vs. contralateral hemispheres were found to be À45.1 AE 8.3% (day 1; n ¼ 34), À31.6 AE 6.2% (day 7; n ¼ 9), À22.5 AE 5.1% (day 14; n ¼ 9), À11.7 AE 5.0% (day 30; n ¼ 8) and À5.1 AE 4.9% (1 year; n ¼ 11) (Figure 1(b) ). The perfusion reduction showed a similar level and time dependency for all three brain regions (cortex, hippocampus and thalamus) with the largest initial reduction found in the hippocampus (À50.9%).
Evaluation of the observed hemispheric CBF ratios was also investigated using [ 15 O]-H 2 O-PET at two time points (day 1; n ¼ 8 and day 30; n ¼ 6) albeit under Ketamine/Domitor anesthesia. For the cortex and hippocampus, significant differences were found between 1 and 30 days following CCA ligation (supplementary Figure 2 ), although changes to the acute and chronic hemispheric flow ratios were less pronounced compared to the ASL-CBF measurements under isoflurane anesthesia.
The hemispheric flow differences as seen under free breathing conditions were not observed for the ASLderived perfusion levels under urethane/a-chloralose anesthesia in ventilated mice. None of the regions showed significant hemispheric flow differences under basal ventilation (Figure 2(a) ), although a similar trend is noticeable in the acute phase (1 day post CCA ligation).
To determine if perfusion differences would become (more) apparent during a hypercapnic challenge, we first tested the possibility of inducing a hypercapnic challenge by free breathing in a 5% CO 2 /95% O 2 gas mixture (non-operated mice), a commonly used hypercapnic challenge in rats. Such a challenge of free breathing 5% CO 2 did not elicit an increase in CBF under isoflurane anesthesia (Thal CBF increase: 3.1 AE 3.1 % vs. baseline), further confirmed by a very limited increase in arterial pCO 2 (39.7 AE 6.2 mmHg and 43.8 AE 5.2 mmHg for 100% O 2 and 5% CO 2 /95% O 2 , respectively). The vascular response did recovery partially when exposing the mice to hypoventilation under isoflurane (Thal CBF increase: 13.8 AE 20.2 % vs. baseline; exp CO 2 : 200 AE 20 to 300 AE 50 a.u. or approximately 30 to 48 mmHg as recalculated according to literature. 17 These values are still abrogated compared to the CBF increases observed under urethane/a-chloralose anesthesia as previously reported (Thal CBF increase: 128 AE 63%; apCO 2 : 34.5 AE mmHg to 64 AE 15 mmHg). This preliminary data prompted us to rely on a hypoventilation challenge under urethane/achloralose anesthesia to quantify differences in vascular response.
When the ventilated animals were exposed to a hypercapnic challenge resulting from a hypoventilation procedure, the hemispheric perfusion differences became apparent again (Figure 2(b) ). In the acute phase, a significant drop in CVR was found in the cortex, hippocampus and thalamus region. This CVR was partially restored between 14 and 30 days following CCA ligation. For the hippocampus, the ipsi-versus contralateral CVR imbalance persisted until 30 days after CCA ligation.
Monitoring of physiological parameters showed almost equal respiration rates for free breathing mice under isoflurane anesthesia as for normoventilation conditions and a similar body temperature (see supplementary Table 1 ). The heart rate was lower under about 1.4% isoflurane anesthesia than under urethane/a-chloralose anesthesia (about 460 vs. 570 bpm, respectively; see supplementary Table 1 ). During PET studies, heart rates were considerably lower (about 300 bpm) but mice had higher respiration rates under these conditions (about 185 bpm). Based on the expired CO 2 values, the level of normo-and hypercapnia during the ventilation experiments was also reproducible (about 200 and 320 a.u. during normo-and hypoventilation, respectively (see supplementary Table 1 ). We also performed in vivo MR angiography to confirm the successful and permanent ligation and to investigate short-and long-term vascular remodeling. The left CCA was largely lacking in the MR angiograms at all investigated time points (representative animal in Figure 3 ). In addition, the MR angiograms were used to identify substantial arterial changes potentially induced by long-term oligemia as was recently reported after bilateral CCA occlusion in rats 24 or bilateral stenosis in mice. 25 In the acute phase (1 day), the ipsilateral ICA was reduced in diameter versus the contralateral ICA (Figure 4(a) ). At one year, the tortuosity in the contralateral ICA was increased (vs. ipsilateral ICA; Figure 4 (a)). A similar trend was seen one day after CCA occlusion but this difference was not significant after Bonferroni correction for multiple comparison. Compared to non-operated controls, the tortuosity at the one year time point was also significantly increased for the contralateral side pointing towards long-term vascular changes even though blood flow was fully normalized. Similar conclusions on the acute and long-term vascular changes are obtained when performing an analysis of the ipsi vs. contralateral side (Figure 4(b) ). From these data, we conclude that lumen sizes in the Circle of Willis will adjust over time to fully compensate for the acute drop in perfusion, however, with long-term impact on vessel tortuosity.
To exclude any adverse influence of the CCA ligation on brain metabolism, additional FDG-PET measurements were performed at day 1 (n ¼ 5) and day 30 (n ¼ 5) after surgery. The unilateral CCA ligation did not alter the hemispheric FDG uptake significantly (ketamine/domitor anesthesia; percentile ratio ipsi-to contralateral at 1 day: 99. 2 Figure 3 ).
Since white matter alterations were previously reported in a two-vessel stenosis model 26 and after unilateral CCA occlusion 27 30 days following surgery, we also determined the diffusion characteristics (ADC, MD, FA) following CCA ligation to assess possible early and long-term white matter changes induced by a permanent unilateral CCA ligation. At day 1 or 14, no significant ADC changes were found to be present in the examined brain regions (Figure 5(a) ). At one year following CCA ligation, white matter structures such as the external capsule, corpus callosum, hippocampus and thalamus together with cortical regions did not show any significant differences between ligated and normal hemispheres in mean diffusivity or fractional anisotropy, both measures of fiber bundle integrity, (Figure 5(b) ). Histological validation with Kluwer-Barrera staining confirmed these findings (data not shown).
To investigate the involvement of angiogenesis in the gradual recovery of the cerebral perfusion levels, we also quantified the amount of a-SMA positive blood vessels in the different brain regions at one month ( Figure 6 ). No significant differences were found, but for the hippocampus and thalamus regions, a trend towards a higher density of a-SMA positive blood vessels was observed. 
Discussion
Despite its clinical importance, the pathophysiological consequence of chronic hypoperfusion on the brain is still poorly understood. Animal models are crucial to unravel the impact of mild chronic hypoperfusion, and to study both compensatory mechanisms or long-term neurodegenerative effects and their potential treatments. They are also frequently used to study stroke development and to evaluate treatment methods that focus on the restoration of CBF by means of stimulation of angiogenesis. 10, 11 This study focused on the identification of in vivo imaging measures for the evaluation of acute and long-term alterations resulting from permanent unilateral CCA occlusion, a model with relevance to both (vascular) dementia and stroke. We show that different MRI and PET methods can detect changes in the CBF resulting from mild hypoperfusion. However, the type of anesthesia used for these in vivo observations is crucial and should be considered when interpreting these data.
In this study, the effect of a permanent unilateral CCA ligation on cerebral perfusion parameters was assessed by acquiring pASL-based perfusion maps at different time points post-surgery and under two different types of anesthesia.
Perfusion results obtained under isoflurane anesthesia and under free breathing conditions showed an initial drop in the ipsi-vs. contralateral CBF of about 50% with gradual recovery over a one month period. One year post ligation, no significant differences were observable, although CBF levels still tended to be asymmetric. Similar CBF drops after unilateral CCA ligation were reported using laser Doppler flowmetry albeit with considerable variability: 35% using isoflurane anesthesia 27 and 40-70% using halothane anesthesia. 8 The ASL approach used in this study markedly improved the variability in absolute CBF values ranging between 10 and 20%.
[ 15 O]-H 2 O-PET using ketamine-medetomidine anesthesia confirmed a significant acute difference in hemispheric CBF although much smaller than for the ASL perfusion measurements under isoflurane anesthesia. On the other hand, we did not observe differences in basal perfusion levels under a-chloralose/urethane anesthesia which appears contradictive.
This apparent discrepancy in initial CBF drop could not be explained by differences in physiological conditions as respiration rate and body temperature were similar between MRI scans sessions under isoflurane anesthesia (all time points) and under urethane/a-chloralose (see supplementary Table 1 ). The isoflurane level of about 1.4% did cause on average a lower heart rate versus the urethane/a-chloralose anesthesia (about 460 vs. 570 bpm, respectively (see supplementary Table 1) .
A more plausible explanation can be found in the differential impact of these anesthetics on CBF. Isoflurane is a well-known potent vasodilator resulting in typically high-flow values compared to other anesthetics such as ketamine/xyalzine. 28, 29 Similarly, exposing the mice to 5% CO 2 might not result in a substantial increase in CBF, as suggested by our preliminary experiments, due to the strong baseline vasodilation (although this effect may be dependent on the level of isoflurane anesthesia during baseline). Free breathing conditions during anesthesia may themselves cause hypercapnia, but this was not the case in our experiments with similar respiration rates during free breathing and normoventilation. The impact of the different anesthetics is also reflected in the considerably lower heart rate under the ketamine/medetomidine anesthesia (see supplementary Table 1 ). Medetomidine causes cardiovascular depression (reduced heart rate, hypotension) while this is much less the case during isoflurane or a-chloralose/urethane anesthesia. 30 This is also in agreement with our observation that a hypercapnic challenge under a-chloralose/ urethane anesthesia, which increases base CBF, 17 was able to demonstrate the compromised perfusion. Apart from the effect on vascular reactivity, the use of different anesthetics also affects other components of the neurovascular coupling being systemic physiology, vasoactive signal transmission and neural activity as reviewed by Masamoto and Kanno. 31 Finally, perfusion levels are correlated with arterial pCO 2 levels. Arterial blood sampling is however non-trivial in mice and repeated blood sampling is best avoided. We have previously shown that aterial pCO 2 levels are correlated with expired CO 2 levels (Oosterlinck et al. 17 ). The expired CO 2 levels under baseline ventilation (200 AE 10 a.u.) would correspond to expired CO 2 of about 30 mmHg. These longitudinal changes could not be explained by variability in hypercapnic challenge as expired CO 2 levels were comparable at all time points during normoventilation and rose to equal levels. These expired CO 2 levels correspond according to previous work 17 in C57Bl6 mice to arterial pCO 2 levels of about 30 and 48 mmHg for normo-and hypoventilation, respectively.
When inducing hypercapnia, through hypoventilation, under a-chloralose/urethane, cerebral perfusion levels increased significantly in the contralateral hemisphere. However, no response was observed in the ispilateral hemisphere at one day post-surgery. An increase in CBF was noticed at the two weeks and one month time point, but it was markedly less pronounced in the ipsi-vs. contralateral hemisphere. At two weeks, CVR values were still reduced in thalamus and hippocampus in the ipsilateral hemisphere compared to the contralateral hemisphere. Moreover, a tendency towards reduced CVR values at one month was observed in all examined brain regions (cortex, hippocampus and thalamus). Table 2 .
This suggests that, although a restoration in CVR is seen, the ability of vessels to dilate is still impaired at two weeks and likely at one month after CCA ligation. The partial recovery of CVR over time was previously explained by the enlargement of leptomeningeal collaterals 14 days after CCA occlusion and by the enlargement of the circle of Willis. 8, 32 Hecht et al. studied the vascular response capacity to an acetazolamide challenge using laser speckle imaging in young (12 weeks) and old (18 months) C57Bl6 mice up to 14 days after permanent right internal CAO. 33 In agreement with our data, they reported a functional compensation for the unilateral ligation after 14 days (and this in both young and old mice). Guo et al. 34 suggested capillary remodeling and collateral growth without angiogenesis after unilateral CCA ligation in mice.
To exclude any cytotoxic effect of the chronic hypoperfusion following permanent unilateral CCA ligation, cerebral diffusion parameters were evaluated at three different time points post-surgery (1 day, 7 days and 1 year). In stroke, the infarction core or ischemic lesions are often delineated based on a reduction in ADC values of more than 20% in the ipsilateral compared to the contralateral hemisphere. 35 For all examined time point and brain regions, our data did not show any significant changes in ADC, FA or MD values. The absence of lesions seen in diffusion images is in agreement with a previous report in which unilateral CCA ligation did not result in any ischemic lesions and that Cresyl violet-stained sections showed no cerebral infarction in mice with rCCA ligation seven days post-operation. 16 Another study did, however, find white matter damage in the corpus callosum determined from the fiber density of luxol-fast-blue-stained sections. 27 These latter findings can perhaps be attributed to a basal collateral flow that maintains perfusion in the ispilateral hemisphere. In patients with unilateral carotid artery occlusion, the circle of Willis is considered as the primary collateral circulation. When this compensation is insufficient, secondary collaterals are recruited, such as the ophthalmic artery or leptomeningeal vessel. 36 Furthermore, pial collaterals, if well developed, might allow protracted tissue survival in the event of a proximal occlusion of a large intracranial blood vessel. 37 However, in mice, native pial collateral circulation varies largely between different genetic strains. 38 This variability emphasizes the need for non-invasive evaluation of the CBF for individual evaluation and to exclude the possibility that oligemia differently affects CBF in different genetic strains.
A previous report on right CCA ligation showed metabolic deficits with FDG-PET under chlorohydrate anesthesia in the ipsilateral parietal cortex of 14-monthold C57Bl6 mice two months after permanent unilateral ligation. 16 In contrast, our results cannot confirm any short or long-term metabolic defects in this model in young mice under ketamine/medetomidine anesthesia.
Over the years, many animal models have been developed to mimic stroke in rodents with the tMCAO model being by far the most frequently used. 39 Inherent to this model, however, is the permanent unilateral ligation of the CCA, making the ipsilateral flow dependent on the collateral circulation. It has been reported that unilateral ligation of the CCA in the perinatal period (P12) leads to stroke lesion development in CD1 mice without applying supplementary hypoxia or pharmacological agents. 40 In this context, it is indispensable to gain in-depth information on the effect of such a ligation on the organization and function of the cerebrovascular network in order to correctly interpret possible effects of novel therapeutic agents. The results reported here are relevant to studies focusing on (re)perfusion of the penumbra area in stroke animals because a vascular response elicited by a permanent ligation of the carotid artery might affect the recovery seen in stroke animals that would be reduced in case of a non-ligated carotid artery.
In general, different protective mechanisms exist to counteract possible neuronal damage resulting from reduction in CBF and related hypoxic conditions. Local tissue perfusion can be increased by nitric oxide-mediated vasodilation and growth of new blood vessels (angiogenesis). 41 At the cellular level, hypoxiainduced neuroprotective factors such as erythropoietin or vascular endothelial growth factor (VEGF) enhance survival of neuronal cells. 42 The involvement of these factors under chronic hypoperfusion without the Figure 6 . Quantification of alpha-SMA positive blood vessels in cortex, hippocampus and thalamus at 1 month post ligation. Although not significant, a trend towards a higher density was seen for the hippocampus and thalamus region (average AE SD shown). For precise animal numbers, please refer to supplemental Table 2 .
presence of an acute ischemic lesion is, however, largely unknown. Multi-vessel occlusion models in rats have demonstrated processes of adaptation and compensation in the form of increased arteriogenesis and VEGF levels, counteracting the initially induced metabolic and functional deteriorations. 43 In mice, CBF and ATP metabolism recovered partially from an initially drastic reduction (to about 30% of basic values) after a stepwise bilateral CCAO. 7 Altogether, many of these aspects discussed above may be activated or present upon permanent unilateral CCA ligation. As this ligation is present in some of the most frequently used stroke models and corresponding sham-operated control animals, it is of utmost importance to thoroughly screen stroke models for any of these effects. The data and methodology discussed in this paper provide a noninvasive and reproducible way to do so.
In contradiction to a recent study 25 on the bilateral stenosis model reporting considerable variability in the acute and long-term perfusion levels, our data show a very reproducible timeline in the perfusion changes after unilateral ligation. This is particularly striking since both studies were performed in the same mouse strain and at similar ages (8 vs. 10 weeks). However, these differences can be attributed to the different experimental approach used in both studies. In contrast to the complete ligation model used in our study, the study by Fuchtemeier et al. 25 used the placement of microcoils on the carotid arteries to mimic stenosis. Possible variability in the blood flow through these microcoils might increase the variability seen in the perfusion values.
Limitations of our study are that experiments were performed under hyperoxic conditions (either 100% or 47% O 2 ) and that the urethane/a-chloralose anesthesia does not allow for a longitudinal study.
This study aimed at providing a methodological basis which can act as a starting point to further study the precise underlying mechanisms of the vascular remodeling seen following chronic hypoperfusion. The use of transgenic mouse strains in which angiogenesis is compromised would be a possible approach. Furthermore, the use of the same anesthetics in different approaches (free breathing vs. ventilated animals) is advisable to provide a better comparison of the results. The methodology described in this study would be suited to monitor short and long-term perfusion and vascular changes in ischemic stroke models such as the transient cerebral artery occlusion model. The model used in this study is a commonly used sham condition for tMCAO. The results described here can hold valuable information regarding correct interpretation of the vascular remodeling seen following ischemic stroke. Furthermore, the availability of different KO-strains such as mice lacking oxygen sensors in the brain 44 offer great potential to further unravel the molecular mechanisms underlying the changes reported here.
We conclude that ASL-based perfusion MRI and MR angiography can be used to characterize both the acute and chronic vascular effects resulting from unilateral permanent CCA occlusion in mice. We further show that remodeling of the acute effects is sufficient for full recovery of hemispheric perfusion capabilities without metabolic or white matter changes but with long-term alterations in arterial tortuosity. These results are relevant to both studies of ischemic stroke and cognitive decline associated with vascular aspects.
